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Due  to its global  occurrence  and  environmental  persistence,  perﬂuorooctanoic  acid  (PFOA)  has  attracted
worldwide  concerns  including  its decomposition  method.  The  nanostructured  -Ga2O3 with  a  novel
sheaf-like  structure  was synthesized  via  a PVA-assisted  hydrothermal  method  and  subsequent  heat
treatment.  The  sheaf-like  Ga2O3 was  self-assembled  from  nanoplates,  possessing  a high  value of spe-
ciﬁc  surface  area  (36.1  m2/g)  and a  large  number  of  nanopores  (2–4 nm  and  8 nm).  Sheaf-like  Ga2O3
exhibited  a remarkable  photocatalytic  activity  for PFOA  decomposition  in  pure  water  under 254 nm  UV
−1
allium oxide
heaf-like structure
erﬂuorooctanoic acid
hotocatalysis
acuum  ultraviolet
irradiation  with  the  rate constant  of  4.85 h , which  was  16  and  44 times  higher  than  that  of  commercial
Ga2O3 and  P25  respectively.  This can  be attributed  to the  close  bonding  between  PFOA  and Ga2O3,  and
nanoporous  structure  of sheaf-like  Ga2O3. In addition,  in  combination  of  185  nm  vacuum  UV  irradiation,
the  sheaf-like  Ga2O3 showed  high  efﬁciency  to remove  trace  PFOA  in  the  secondary  efﬂuent  of  sewage,
in  which  the  decomposition  of targeted  trace  pollutants  such  as  PFOA  is generally  inhibited  by  coexisting
high-level  natural  organic  matters  and  bicarbonate.. Introduction
Perﬂuorooctanoic acid (PFOA, C7F15COOH) is an emerging
ersistent organic pollutant belongs to a class of fully ﬂuori-
ated hydrocarbons known as perﬂuorocarboxylic acids (PFCAs,
nF2n+1COOH). Due to the strong carbon–ﬂuorine bonds, PFOA
s extraordinary thermally, chemically stable and surface active,
ence it is widely used as surfactant and ﬁre retardant in vari-
us industrial ﬁelds for the past decades. As a result, PFOA and its
recursors have been released into the nature particularly from
astewater treatment plants [1]. Due to its environmental persis-
ence and bioaccumulation, it has been extensively reported that
FOA is globally distributed in waters, animals and humans [2–4].
oxicological studies demonstrated that exposure to PFOA could
ead to developmental and reproductive toxicities, liver damage
nd possibly cancer [5,6]. The potential hazard PFOA posed to the
uman health and wild life has increasingly attracted worldwide
oncerns, therefore, the developments for PFOA decomposition
echnologies are much required.
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PFOA resists most conventional treatment processes includ-
ing biological degradation, oxidation and reduction [7]. The recent
studies show that some special techniques can decompose PFOA
in aqueous solution, such as high-frequency ultrasonication [8],
ultraviolet irradiation [9], periodate photolysis [10], persulfate pho-
tolysis [11] and KI photolysis [12], phosphotungstic-acid [13] and
Fe(II)/Fe(III) photocatalysis [14]. However, together with the rela-
tively low decomposition efﬁciency and severe reaction conditions,
most of these researches were carried out in pure aqueous solu-
tions and concentrations of PFCAs are much higher than those
found in actual contaminated waters and discharge sources of
PFOA, which generally ranges from ng/L to g/L [1]. The real
wastewater contains various inorganic and organic matters, and
these coexisting constituents do inhibit PFOA photolysis, as well
as decrease the sonochemical degradation of PFOA by consuming
energy and competitive adsorption [15,16]. Therefore, how to effec-
tively decompose PFOA in real water is still a difﬁcult problem to
overcome.
Among potential methods for PFOA decomposition, heteroge-
neous photocatalysis is attractive for its low energy consumption
and high efﬁciency to completely degrade various kinds of organic
contaminants. However TiO2, the most widely used photocatalyst,
showed very low activity for PFOA decomposition in mild condi-
Open access under CC BY-NC-ND license.tion [17]. Fortunately, other semiconductor materials are proved
to possess activity to decompose PFOA, such as -Ga2O3 [18] and
In2O3 [19]. And their activity can be further enhanced through
proper synthetic strategy to obtain nanostructured materials
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ecause the structure, morphology and size of materials can sig-
iﬁcantly inﬂuence their properties and application. Li et al. [20]
eported that nanoporous In2O3 nanospheres showed excellent
hotocatalytic activity under UV irradiation to decompose PFOA
n pure water. This result implies that photocatalysts with novel
anostructures can gain higher efﬁciency in decomposing PFOA.
-Ga2O3 is a wide bandgap semiconductor (Eg = 4.8 eV) [18] that
nds versatile applications in optoelectronic devices, high temper-
ture electronic devices and high temperature stable gas sensors
21,22]. Diverse nanostructures of Ga2O3 have been synthesized,
uch as nanowires, nanobelts, nanosheets and nanoplates [23,24].
ere, we synthesize Ga2O3 nanomaterials with a novel nanostruc-
ure, i.e. sheaf-like, which, to the best of our knowledge, is ﬁrst
eported. The sheaf-like -Ga2O3 is prepared via a PVA-assisted
ydrothermal method followed by calcination. The as-prepared
aterials exhibited remarkable photocatalytic activity for decom-
osition of PFOA in pure water under mild conditions. Though in
unicipal wastewater, the efﬁciency decreased due to the presence
f bicarbonate and organic matters, it can be almost completely
ectiﬁed by slight pH adjustment and using 185 nm UV to replace
54 nm UV irradiation.
. Experimental
.1. Preparation of sheaf-like Ga2O3
All reagents (purchased from Beijing Chemical Co., Ltd.) were
nalytical grade and were used as received. Sheaf-like Ga2O3 were
ynthesized with a hydrothermal method followed by calcination.
n a typical procedure, 2 g (5 mmol) of Ga(NO3)3·xH2O and 0.1173 g
VA was dissolved in 20 mL  of pure water. After heated at 90 ◦C
n a circulator for 15 min, the mixture was transferred into a 25-
L Teﬂon-lined stainless steel autoclave and maintained at 200 ◦C
or 8 h. After the autoclave was cooled to room temperature natu-
ally, the white precipitates (precursor of Ga2O3) were collected by
entrifugation, and then washed with pure water and ethanol for
everal times. Ga2O3 powder was obtained from the precursor via
alcination at 700 ◦C for 2 h in nitrogen (heating rate 1 ◦C/min).
.2.  Characterization
X-ray powder diffraction (XRD) patterns were taken on PAnalu-
ical X’Perpro diffractometer at 40 kV voltage and 30 mA  current.
ransmission electron microscopy (TEM) images were taken on
 JEM 2010F microscope at 200 kV accelerating voltage. The
orphologies of the samples were observed using an ultra high-
esolution ﬁeld-emission scanning electron microscope (FESEM,
-5500, Hitachi) performed at 30 kV accelerating voltage. N2
dsorption–desorption isotherms were obtained on a Micromer-
tics ASAP 2000 instrument.
Electron  spin resonance (ESR) signals of radicals trapped by
MPO were recorded on a Bruker A-300 spectrometer at ambi-
nt temperature under irradiation of a mercury lamp (ER-203UV,
00 W).  Measurements of diffuse reﬂectance infrared Fourier trans-
orm spectroscopy (DRIFTS) were carried out on a Nicolet NEXUS
70-FTIR spectrometer equipped with a smart collector and an
CT detector cooled by liquid N2. The IR spectra were recorded
y accumulating 100 scans at a resolution of 4 cm−1.
.3.  Photocatalytic decomposition of PFOA
The photocatalytic decomposition of PFOA was  conducted in
 tubular quartz vessel reactor under ultraviolet irradiation. Two
inds of low-pressure mercury lamps (14 W,  Cnlight Co. Ltd, China)
ith same electric power and appearance size were alternatively
sed. One only emits 254 nm UV light (hereafter referred as UV),ental 142– 143 (2013) 654– 661 655
and  the other emits 254 nm UV and 185 nm vacuum UV  light
(hereafter referred as VUV). One UV or VUV lamp was placed
in the center of the reactor with two-layer quartz tubes protec-
tion. In a typical experiment, 150 mL  of PFOA aqueous solution
(C0 ≈ 500 g/L) was prepared by diluting the stock solution in a
beaker. The diluting water could be pure water or secondary efﬂu-
ent taken from a municipal wastewater treatment plant. 0.075 g of
photocatalyst (0.5 g/L) was  added in PFOA solution and stirred for
0.5 h. Then, the suspension was  added into the reactor and con-
tinuously bubbled with oxygen gas at a ﬂow rate of 80 mL/min.
Then the lamp was  turned on and the reaction temperature was
maintained at 25 ◦C with a cooling water jacket around the reac-
tor. At a regular time interval, aliquots of sample were taken and
ﬁltered with 0.22 m ultraﬁltration membrane to remove photo-
catalyst powder. To avoid possible impact of ﬁlter adsorption on
PFOA concentration, the ﬁrst 3 mL  of ﬁltrate was discarded.
2.4.  Analyses
Concentrations of PFOA and its decomposition products were
measured on a Waters Acquity UPLC system, coupled with a
Micromass Quattro Premier tandem quadrupole mass spectrom-
eter (Waters, Milford, USA). The multiple reaction monitoring
mode (MRM)  was used for quantitative analysis of PFOA and
other shorter-chain PFCAs. The separation column was  a Waters
Acquity UPLC BEH C18 column (2.1 mm i.d. × 50 mm,  1.7 m par-
ticles), and the column temperature was  set at 50 ◦C. The ﬂow
rate was maintained at 0.4 mL/min with a mobile phase of elu-
ent A (2 mmol/L ammonium acetate/methanol) and B (2 mmol/L
ammonium acetate/water). The eluent gradient started with 30%
A for 0.5 min, then was linearly increased to 90% A in 4.5 min, and
further increased to 100% A in 1 min  and ﬁnally back to 30% A in
3 min. MS  detection was  operated in negative mode by using an
electrospray source. The optimum mass parameters obtained were
as follows: capillary voltage, 2.1 kV; source temperature, 120 ◦C;
desolvation temperature, 280 ◦C; and desolvation gas ﬂow rate,
650 L/h. The parent ion, daughter ion, cone voltage (V), and col-
lision energy (eV) for PFCAs detection were PFOA (413 > 369, 17,
11), PFHpA (363 > 319, 16, 10), PFHxA (313 > 269, 15, 10), PFPeA
(263 > 219, 15, 10), PFBA (213 > 169, 12, 10), PFPrA (163 > 119, 12,
10) and TFA (113 > 69, 12, 10), respectively.
The  concentration of F− was  determined by a Dionex ion chro-
matography (ICS-2000, USA). Sample was  injected into an IonPac
AS11-HC column (250 mm × 4 mm)  with an IonPac AG11-HC guard
column (50 mm × 4 mm).  A mixture solution containing 3.2 mM
Na2CO3 and 1 mM NaHCO3 as the mobile phase was delivered with
a ﬂow rate of 1.0 mL/min.
3. Results and discussion
3.1.  Crystal phase and microstructure of Ga2O3
The XRD patterns of samples synthesized by a PVA-assisted
hydrothermal process at 200 ◦C for 8 h are shown in Fig. 1(a). All the
peaks can be well indexed to -GaOOH (JCPDS, No. 06-0180) with
no observation of other impurities. The peaks are sharp and narrow,
indicating high crystallinity of samples. After calcined at 700 ◦C in
nitrogen for 2 h, the as-synthesized -GaOOH crystals were trans-
formed to pure monoclinic -Ga2O3 (JCPDS, No. 41-1103), as shown
in Fig. 1(b).
Fig.  2(a) and (b) is typical SEM images of as-synthesized GaOOH,
indicating that the sample possesses a special morphology, which
seems that a bundle of platy crystals are bandaged in its middle,
with the top and bottom fanning out while the middle remaining
thin and hence is named as “sheaf structures” [25]. While the
656 T. Shao et al. / Applied Catalysis B: Environm
d
h
o
t
d
a
t
r
i
r
o
F
n
t
i
o
d
e
A
m
w
(
n
is the spectrum of ESR trapped with 5,5-dimethyl-1-pyrroline N-Fig. 1. XRD patterns of (a) the obtained GaOOH and (b) Ga2O3 samples.
ouble-sheaf morphology dominates in the obtained samples,
alf-sheaf structures with a V-shape are also observed. Further
bservation from the high-magniﬁcation SEM images shows that
he individual sheaf has a length in the range of 2–3 m and a mid-
le diameter in the range of 0.5–1 m.  The individual nanoplate has
n average width of 100 nm and thickness of 10 nm.  Upon calcina-
ion at 700 ◦C for 2 h in nitrogen, as-obtained Ga2O3 product almost
emains the morphology and architecture of its precursor, as show
n Fig. 2(c). However, Fig. 2(d) shows the surface of material become
ough due to the dehydration shrinkage during calcination.
Such  self-assembled shelf-like structure of Ga2O3 was further
bserved with TEM. Close examination of TEM image shown in
ig. 3(a) indicates that sheaf-like Ga2O3 consists of numerous
anoplates radially fanning out from the center of the struc-
ure. Each nanoplate is about 80–100 nm in width and 1–1.5 m
n length, and dense nanopores in the nanoplate can be clearly
bserved. The inset of Fig. 3(a) shows the select area electron
iffraction (SAED) pattern of an individual nanoplate, the pres-
nce of obvious discrete spots reveals its single-crystalline feature.
 high-magniﬁcation TEM image (Fig. 3(b)) of a nanoplate seg-
ent (marked in the inset of Fig. 3(b)) shows clear lattice fringe
ith lattice interplanar spacing of 0.296 nm,  which corresponds to
4 0 0) crystal plane of -Ga2O3. The lattice fringes reveal that the
anoplates are elongated in the [1 0 0] direction.ental 142– 143 (2013) 654– 661
The  N2 adsorption–desorption isotherm of sheaf-like Ga2O3 is
shown in Fig. 4. The isotherm is identiﬁed as type IV with hys-
teresis loop, indicating that the sample contained mesopores in
the structure. The pore-size distribution (inset of Fig. 4) obtained
from the isotherm indicates the existence of a number of nanopores
(2–4 nm), which may  correspond to those observed in nanoplates
with TEM. These small pores may  arise from the loss of the adsorbed
PVA molecule and dehydration shrinkage during the conversion
process from GaOOH to Ga2O3. The large pores (5–13 nm) may
arise from the stack of nanoplates. The BET speciﬁc surface area
of as-synthesized sheaf-like Ga2O3 was 36.1 m2/g, while that of
commercial Ga2O3 was  11.5 m2/g.
3.2. UV photocatalysis of PFOA in pure water and its mechanism
A  series of comparative experiments were carried out to inves-
tigate the photocatalytic activity of sheaf-like Ga2O3, commercial
Ga2O3, P25 TiO2 for decomposition of PFOA in pure water. The
aqueous solution of PFOA (500 g/L) was  irradiated with a 254 nm
UV lamp. The initial pH value of the PFOA solution was  about 4.7,
which was not adjusted during the whole process. As shown in
Fig. 5(a), the direct photolysis of PFOA by 254 nm UV light was
very slow and can be neglected. PFOA decomposition by using
P25 TiO2 was  also insigniﬁcant under this mild condition. Besides
3% PFOA was adsorbed, only 20% PFOA was decomposed within
3 h. In the presence of commercial Ga2O3, about 6% PFOA was
adsorbed, and the decomposition ratio of PFOA within 3 h increased
to 38%, which was about two times higher than that by P25 TiO2.
However, when as-synthesized sheaf-like Ga2O3 was  used as pho-
tocatalyst, adsorption ratio was  10%, and the decomposition rate of
PFOA increased dramatically, PFOA completely decomposed within
45 min. The PFOA decomposition under various conditions ﬁtted
well with pseudo-ﬁrst-order kinetics. The rate constant of sheaf-
like Ga2O3 was  4.85 h−1, which was nearly 16 and 44 times higher
than that of commercial Ga2O3 (0.30 h−1) and P25 TiO2 (0.11 h−1)
respectively. It is apparent that, nanostructured sheaf-like Ga2O3
shows great photocatalytic activity for PFOA decomposition, with
higher decomposition rate than other methods such as photochem-
ical decomposition and sonolysis [26].
Besides the ﬂuoride ion was  detected as the ﬁnal product of
PFOA decomposition, C2–C7 shorter-chain PFCAs were identiﬁed as
major intermediate products by UPLC-MS/MS. The time-dependant
change of intermediates and ﬂuoride ion during PFOA decomposi-
tion is given in Fig. 5(b). The amount of C7 PFCA, i.e. PFHpA increased
to a maximum within 30 min  and then gradually decreased. PFHxA
followed a similar trend, except that the time reaching a maximum
concentration was 60 min. Concentrations of other shorter-chain
PFCAs were low, though they increased during the 3 h of reaction.
And the shorter the carbon chain is, the lower its concentra-
tion is. These characteristics strongly suggest stepwise cleavage
of PFOA carbon-chain during its photocatalytic decomposition.
Simultaneously, ﬂuoride ion in aqueous solution was detected and
increased with time. After 3 h of reaction, the deﬂuorination ratio
reached 61%, which was  slightly lower than expected, ﬂuoride
ions may  adsorb on the photocatalyst surface which was  positively
charged at acidic pH value during the reaction.
The excellent performance of as-synthesized Ga2O3 for PFOA
decomposition can be attributed to the unique bonding to PFOA and
its special sheaf-like nanostructure. As previous research showed,
the fully ﬂuorinated structure of PFOA molecule makes it inert to
•OH radical attack [26,27], thus reaction with photogenerated holes
seems to be the dominant pathway for PFOA decomposition. Fig. 6oxide (DMPO), which was carried out on illuminated PFOA solution
containing different photocatalysts. Four characteristic peaks of
DMPO-OH• adducts could be clearly observed in the suspension of
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lFig. 2. (a) Low- and (b) high-magniﬁcation FESEM 
iO2 and Ga2O3 respectively. However, the peak intensities for TiO2
ere much stronger than those for Ga2O3. This result indicates that
he photogenerated holes in TiO2 preferentially react with water or
ydroxide to form hydroxyl radicals, while those in Ga2O3 tend to
eact with PFOA directly.
This  difference between Ga2O3 and TiO2 can be attributed
o their different modes bonding to PFOA. As shown in DRIFTS
pectra of PFOA adsorbed on Ga2O3 and TiO2 (Fig. 7), the peaks
n the range of 1690–1600 cm−1 are assigned to asymmetric
tretches  (as(COO−)) of carboxylate, while the peaks in the range of
500–1400 cm−1 are assigned to symmetric stretches (s(COO−))
f carboxylate [28–30]. Concluded by Deacon et al. [31], the value
ig. 3. (a) TEM image of sheaf-like Ga2O3 and the corresponding SAED pattern (inset in t
eft corner) of sheaf-like Ga2O3.s of as-synthesized -GaOOH and (c) (d) -Ga2O3.
of  , i.e. as(COO−)–s(COO−) reﬂects the coordination mode
between carboxylate and cation. The   value which substantially
greater than the ionic   indicates a unidentate coordination, while
the   value which is signiﬁcantly less than the ionic  indicates
a bidentate or bridging coordination. The  value for PFOA/TiO2
(278 cm−1) is substantially greater than that of K+ salt (203 cm−1),
which indicates that PFOA coordinates to TiO2 in a unidentate
mode. While the   value for PFOA/sheaf-like Ga2O3 (191 cm−1)
and that for PFOA/commercial Ga2O3 (196 cm−1) is smaller than
the ionic , it can be concluded the terminal carboxylate group of
PFOA molecule tightly coordinates to the Ga2O3 surface in a biden-
tate or bridging conﬁguration, which is beneﬁcial for PFOA to be
he upper left corner). (b) HRTEM image of a nanoplate segment (inset in the upper
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aig. 4. Nitrogen adsorption–desorption isotherm of sheaf-like Ga2O3. The inset is
arrett–Joyner–Halenda (BJH) pore size distribution curve.
irectly decomposed by photogenerated holes of Ga2O3 under UV
rradiation. Thus compared to TiO2, both commercial and sheaf-like
a2O3 exhibited better photocatalytic activity for PFOA decompo-
ition.
It is worth noting that compared to commercial Ga2O3,
he sheaf-like Ga2O3 showed remarkable photocatalytic activ-
ty. Together with the enlarged surface area, interface between
anoplates in the sheaf structure can provide more adsorption and
ig. 5. (a) Time dependence of PFOA in pure water under UV irradiation in the pres-
nce various photocatalysts; and (b) time dependence shorter-chain intermediates
nd  deﬂuorination in the presence of sheaf-like Ga2O3. The initial pH value was 4.7.Fig. 6. DMPO spin-trapping ESR spectra of PFOA solution under UV irradiation for
4 min at room temperature in the presence of Ga2O3 or TiO2.
reaction centers, thus it has a beneﬁcial effect on the activity of
catalysts. In addition, the sheaf-like Ga2O3 consisted of nanoplates
elongating in the [1 0 0] direction, thus the nanoplates exposed
a predominant crystal facet. Recently, it is extensively reported
that TiO2 with exposed (0 0 1) facets shows much higher activ-
ity and selectivity than those without predominant facets [32,33].
Similarly, it is reasonable that, the sheaf-like Ga2O3 with pre-
dominant facet shows better activity than other Ga2O3 materials.
Meanwhile, the obtained sheaf-like Ga2O3 was calcined in nitrogen
atmosphere, which may  increase oxygen vacancy and oxygen-
ionic conductivity [34] and accordingly favors the photocatalysis
of PFOA.
3.3. UV photocatalysis of PFOA in sewage waterTo validate the feasibility of sheaf-like Ga2O3 photocatalysis
to  decompose PFOA in a real wastewater, in which coexisting
Fig. 7. DRIFT spectra of PFOA mixed with KBr and adsorption-equilibrium on Ga2O3
and TiO2 photocatalysts at room temperature. The samples of PFOA/photocatalyst
were  ﬁltered and dried at room temperature for 24 h before measurement.
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Table 1
Characteristics of the secondary efﬂuent taken from a municipal wastewater plant
in Beijing, China.
Parameter Value Parameter Value
TOC 18.9 mg/L pH 7.80
Bicarbonate  4.76 mmol/L Na+ 81.8 mg/L
TDS 452 mg/L K+ 14.6 mg/L
F− 0.28 mg/L Mg2+ 30.0 mg/L
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Table 2
Decomposition rate and half-life of PFOA in sewage water under UV or VUV
irradiation.
Light source Blank P25 TiO2 Commercial Ga2O3 Sheaf-like Ga2O3
pH 4.3 pH 4.3 pH 4.3 pH 4.3 pH 7.8
UV
k (h−1) – 0.09 0.10  1.43 1.00
t1/2 (h) – 8.06 6.59 0.483 0.69
VUV
Cl 107 mg/L Ca 85.7 mg/L
SO42− 108 mg/L Mn  0.08 mg/L
NO3− 40.2 mg/L Fe <0.03 mg/L
ompounds may  reduce decomposition efﬁciency, we  investigated
he decomposition of PFOA added in a secondary efﬂuent (its com-
osition is listed in Table 1) taken from a municipal wastewater
lant in Beijing, China.
Fig.  8 shows the time-dependent change of PFOA in wastewa-
er, and the experiment conditions were the same as those in pure
ater (Fig. 5(a)). In the original secondary efﬂuent with pH of 7.8,
he decomposition of PFOA was obviously retarded, and only 81%
f PFOA was decomposed within 3 h in the presence of sheaf-like
a2O3. The rate constant was reduced to 1.00 h−1 (Table 2), only
1% of that in pure water (4.85 h−1). Similarly, the decomposition
ate of PFOA in the presence of commercial Ga2O3 or P25 TiO2 was
lso reduced.
The  lower decomposition rate of PFOA in the secondary efﬂuent
an be attributed to the inﬂuence of bicarbonate and organic
atters. Bicarbonate (HCO3−) has the same carboxyl group as
FOA, and its concentration (4.76 mmol/L) was nearly 3000 times
igher than PFOA concentration added in the secondary efﬂuent,
ig. 8. Time dependence of PFOA in sewage water under UV irradiation in the pres-
nce of various photocatalysts. The original pH of sewage water was  7.8 and was
djusted to 4.3 with HCl.k (h−1) 1.21 0.98 1.39 4.29 1.95
t1/2 (h) 0.57 0.70 0.50 0.16 0.35
the competitive adsorption of bicarbonate on the surface of Ga2O3
inhibited the adsorption of PFOA, thus reducing its decomposition
efﬁciency [19]. After the pH value of the secondary efﬂuent was
adjusted to 4.3, making bicarbonate transformed into carbonic
acid, the percentage of PFOA decomposed increased from 81%
to 100% after 3 h of reaction. However, PFOA decomposition was
still greatly delayed compared to that in pure water, reﬂecting
the impact of organic matters in the secondary efﬂuent, which
may also competitively adsorb and attenuate UV penetration in
water [19].
3.4.  VUV photocatalysis of PFOA in sewage water
Considering the synergistic effect of VUV irradiation on photo-
catalyst and its ability to eliminate natural organic matters [35,36],
combination of Ga2O3 with VUV irradiation was used for degra-
dation of PFOA in wastewater. The wastewater solution of PFOA
(500 g/L) was  irradiated with a 185 nm VUV lamp in the presence
of sheaf-like Ga2O3, commercial Ga2O3, or P25 TiO2. To avoid the
effect of bicarbonate, the pH was  adjusted to 4.3 with HCl. The blank
experiment, i.e. direct VUV photolysis, was  carried out at the same
condition without photocatalyst.
Since  PFOA has a strong absorption from deep UV region to
200 nm [13], VUV irradiation itself can cause decomposition of
PFOA. As shown in Fig. 9(a), by direct VUV photolysis, 92% of ini-
tial PFOA was decomposed after 3 h of irradiation, which was  in
agreement with the result of Chen et al. [37]. Using the sheaf-
like Ga2O3 in combination of VUV irradiation, the rate of PFOA
decomposition was signiﬁcantly enhanced, and 100% of initial PFOA
decomposed within 65 min. As shown in Table 2, the decomposition
rate constants of PFOA in wastewater for sheaf-like Ga2O3/VUV,
was 4.29 h−1, which was  almost recovered to that by sheaf-like
Ga2O3/UV in pure water (4.85 h−1). The time-dependant change
of products during PFOA decomposition in wastewater by sheaf-
like Ga2O3/VUV is shown in Fig. 9(b), which is similar to that in
pure water by sheaf-like Ga2O3/UV. No other products other than
F− and shorter-chain PFCAs were detected, and the deﬂuorination
ratio of PFOA was  up to 66%, which was  2.27 times higher than that
by VUV photolysis (29%).
The stability of sheaf-like Ga2O3 catalyst was  tested by repeat-
ing the photocatalytic decomposition of PFOA. PFOA-containing
wastewater solution (500 g/L) was irradiated with 185 nm VUV
lamp in the presence of the sheaf-like Ga2O3 (0.5 g/L). Before each
cyclic test, same amount of PFOA was added into the solution to
make sure the initial concentration of PFOA was same. As shown in
Fig. 10, PFOA was  almost totally decomposed with 60 min  in all 3
cycles. The residual PFOA in the third round seems slightly higher
than the ﬁrst round. This can be attributed to the effects of residual
intermediate PFCAs, which was not completely decomposed within
60 min  as shown in Fig. 9(b).
The high efﬁciency and good stability of the sheaf-like
Ga2O3/VUV process for PFOA removal from real wastewater is
not only contributed by VUV irradiation, which eliminates adverse
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nder VUV irradiation, as shown Fig. 9(a), no signiﬁcant improve-
ent occurred compared with VUV direct photolysis. This further
emonstrates the important role of nanostructured Ga2O3 as pho-
ocatalyst to guarantee high efﬁciency in decomposing PFOA in
ewage water.
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4. Conclusion
A novel -Ga2O3 with sheaf-like nanostructure was synthe-
sized through a hydrothermal method followed by calcination. The
sheaf-like Ga2O3 consisted of nanoplates elongating in the [1 0 0]
direction and possessed a speciﬁc surface area of 36.1 m2/g and
a large number of nanopores (2–4 nm and 8 nm). The sheaf-like
Ga2O3 exhibits a remarkable photocatalytic activity and high min-
eralization rate for PFOA decomposition in pure water under UV
irradiation. Bicarbonate and organic matters signiﬁcantly inhibited
the photocatalytic decomposition of PFOA in sewage water. How-
ever, in combination with 185 nm VUV light, which had the same
electric consumption as 254 nm UV light, the sheaf-like Ga2O3
could still fast decompose PFOA in wastewater, which can be
attributed to the role of VUV irradiation to eliminate adverse
impacts of coexisting organic matters and remarkable activity of
the sheaf-like Ga2O3 to decompose PFOA. This indicates that the
sheaf-like Ga2O3/VUV process is a promising method for removing
trace PFOA and similar pollutants in real wastewater.
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